Introduction
Congenital limb deficiencies, defined as either partially formed or completely absent limb(s), are present in approximately 1 in 2000 infants at birth. 1,2 Limb deficiencies primarily originate during embryonic development early in the first trimester of pregnancy; at approximately 26 days of gestation, limb formation begins and continues through week eight. 3 The majority of limb deficiencies can be categorized as transverse limb deficiency (TLD) or longitudinal limb deficiency (LLD). TLD refers to a limb that has developed normally up to a particular point but beyond which no skeletal elements exist (e.g. arm with normal development from the shoulder up to the elbow with the arm ending in a bud at the elbow). LLD refers to a reduction or absence of bone in or along the length of the limb. In LLD there may be normal skeletal elements beyond the affected area (e.g. leg missing fibula). Single-gene mutations, chromosomal anomalies, and exposure to teratogenic drugs account for far fewer than half of all limb deficiencies. 4 The mechanism by which the majority of other limb deficiencies result remains poorly understood. Though maternal diet is known to play a key role in foetal development, 5 the impact of overall maternal diet on the risk of congenital limb deficiencies specifically has not been investigated. However, a number of studies have examined whether folic acid, multivitamin supplementation, or individual nutrients may reduce the risk of limb deficiencies and some, but not all, studies have found a pattern of lower risk.
2,6,7
In addition to overall healthy diet and specific nutrients like folic acid, antioxidants may be an important dietary component to consider in preventing congenital anomalies. Antioxidants act to reduce oxidative stress by inhibiting the formation of reactive oxygen species (ROS) or reducing the number of free radicals formed, thereby possibly preventing some congenital anomalies caused by this mechanism as it relates to both cell proliferation and apoptosis during embryogenesis. [8] [9] [10] The relation between dietary antioxidant intake and limb deficiencies has not been investigated. The objective of this study was to investigate whether maternal antioxidant consumption is associated with occurrence of TLD or LLD.
Methods
We conducted an analysis using data from the National Birth Defects Prevention Study (NBDPS), a multi-state, population-based, case-control study of more than 30 major structural birth defects. Details of the NBDPS design and data collection protocol are published. 11 Interviews were administered after 6 weeks or more had passed since the infant's estimated date of delivery (EDD) and no later than 2 years after the EDD. Participation was similar among cases (67%) and controls (65%) in NBDPS. 11 The median time since EDD to interview was 10 months for TLD, 11 months for LLD, and 8 months for controls.
Case classification
Cases of limb deficiencies identified by each centre were reviewed for eligibility by clinical geneticists at each centre, and then their mothers were recruited to participate in the NBDPS interview. A secondary review of all cases across all centres was undertaken to systematically classify cases of TLD and LLD; each case was further specified as having an isolated defect (1 major limb deficiency), multiple (≥2 major yet unrelated birth defects of which at least one was a limb deficiency), or complex (≥2 major birth defects which are suspected to be related of which at least one was a limb deficiency). 12 Table S1 for a complete list of eligible limb deficiencies). In 15 cases, TLD and LLD were present concurrently and as such these cases were included in the analyses for TLD and again for LLD.
Exposure assessment
As part of the maternal interview, a modified 63-item Willet food frequency questionnaire (FFQ) was administered to collect information on maternal diet in the year before pregnancy. 13 Response options included 16 levels of frequency ranging from 'never' to '6 or more [servings] per day'. Additional questions assessed consumption of cereals, soda, coffee, and tea. Quantity of each food consumed per day was calculated as average grams/day based on standard portion sizes. Nutrient intakes were calculated using the US Department of Agriculture (USDA) nutrient database, version 25.
14 Calculated values for specific nutrient intake were based on foods consumed and did not consider intake of the nutrient from either vitamin supplements or food supplements (e.g. meal replacement shake, protein bar). Maternal antioxidant consumption was assessed using two independent methods, which examine antioxidant intake at the level of major food groups (Method 1) as well as individual nutrients (Method 2). vegetables consumption by summing estimated grams per day consumed for the 21 fruit and vegetable FFQ items. We created tertiles of consumption of total fruits and vegetables (high/med/low) based on the distribution among eligible controls. In analyses, the lowest tertile was the reference category.
Method 2, cumulative antioxidant score
To estimate an antioxidant score, we selected three key antioxidants, beta-carotene, lycopene, and lutein, based on their prominent consumption in an average diet and potential for accurate estimation. We calculated an antioxidant score based on consumption of these three nutrients with the following steps: (1) We summed estimated nutrient consumption per day across all food items for each of the three antioxidants; (2) Based on the distribution of the three antioxidants in controls, we created cut-points for quartiles of consumption. Each participant received a score based on their quartile of consumption for each antioxidant (1st -4th quartile (lowest to highest) are scored 0, 1, 2, 3 respectively); (3) The score for each antioxidant (minimum score of 0, maximum score of 3) is summed across the three nutrients, resulting in a cumulative antioxidant score. This score (+1 to facilitate statistical modelling) was then assigned to each study participant (cumulative minimum score of 1, cumulative maximum score of 10). In analyses, we treated cumulative antioxidant score as a continuous variable.
Statistical analysis
To estimate the association between antioxidant consumption and limb deficiencies, we fit separate unconditional logistic regression models for TLD and LLD to estimate odds ratios (ORs) and 95% confidence intervals (CIs) for each method: with antioxidant consumption categorized in tertiles of total grams of fruits and vegetables (Method 1), and then for cumulative antioxidant score (Method 2). The following variables, selected a priori based on subject matter expertise and use of causal directed acyclic graphs ( Figure S1 ), 16 were included in adjusted models to control for confounding: maternal age (continuous, squared), maternal race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other), maternal education (≤high school or >high school), prepregnancy body mass index (BMI) (four categories: underweight, normal, overweight, obese), 17 smoking (any or none while pregnant), and alcohol use (any or none 1 month prior to pregnancy through the first trimester). We also adjusted for total energy intake. 18 
Results
In our first approach to capturing antioxidant consumption, we determined tertiles (high, medium, low) of fruit and vegetable consumption. The lowest tertile consumed less than 342 grams per day of fruits and vegetables, while those in the highest tertile consumed more than 567 g per day (see Table 1 : Method 1). The shape of the distributions of total gram for fruit and vegetable consumption and the three antioxidants were similar among cases and controls (further details in Table S2 ). Our second approach created quartiles of estimated nutrient intake for the three key antioxidants with scores based on the quartiles with cumulative antioxidant score ranging from 1 to 10. The different nutrients had slightly different distributions, and all were reported in micrograms (further details in Table 1 : Method 2).
Control and case mothers had similar distributions of age, BMI, use of folic acid supplementation, and caloric intake ( Table 2) . Hispanics were more represented among cases while Non-Hispanic white mothers were more represented among controls. Control mothers had slightly higher education attainment: 58.6% attended college compared to 55.2% among case mothers. Also, 18.0% of control mothers smoked sometime during pregnancy compared to 20.1% of case mothers. Control mothers had slightly elevated alcohol consumption (36.6%) compared to case mothers (33.6%). There was some variation by centre in the distribution of cases and controls. Livebirths, stillbirths (foetal deaths ≥20 weeks' gestation), and infants delivered as result of an induced abortion made up 95.3%, 1.9%, and 2.8% of limb deficiency cases respectively.
Results for method 1
Maternal consumption in the highest tertile of fruit and vegetable consumption was associated with an approximately 27% (95% confidence Interval (CI): 5, 44) reduced odds of having children born with TLDs compared to mothers who were in the lowest tertile of fruit and vegetable consumption over the study period after adjustment for potential confounding. The highest tertile compared to the lowest tertile was associated with an approximately 17% (95% CI À14, 40) reduced odds of having a child born with LLD. The observed association was stronger in magnitude for the highest tertile than for the middle tertile, indicating a possible dose-response, but confidence intervals overlapped considerably (see Table 3 ). No meaningful difference in the association was observed when isolated and non-isolated defects were considered separately for either TLD or LLD.
Results for method 2
Using the cumulative antioxidant score, we analysed the relation between antioxidant consumption in the year before pregnancy and the risk of limb deficiencies. We assumed a linear relation of cumulative antioxidant score with odds of limb deficiency. To test this assumption, we tried more flexible forms of the exposure variable (e.g. quadratic, higher order polynomials, categories) all of which resulted in no measureable improvement of model fit. Thus, Figure 1 presents the graphical depiction of the linear relation between the odds of TLD or LLD and antioxidant consumption as measures by cumulative antioxidant score. Increased consumption of antioxidants is associated with reduced odds of both types of limb deficiencies.
Mothers with the highest antioxidant score of 10 had an approximately 33% (95% CI: 6%-47%) reduced odds of having a pregnancy affected by TLD compared to mothers with a lowest score of 1 (Table 4) . Mothers with the highest score of 10 had an approximately 27% (95% CI À13% to 52%) reduced odds of having a pregnancy affected by LLD compared to mothers with a lowest score of 1. Mothers with a score of 10 (6.7% of cases and 7.2% of controls) were in the highest quartiles consumption for beta-carotene, lycopene, and lutein/zeaxanthin consumption. Mothers with a score of 1 (9.6% of cases and 7.5% of controls) were in the lowest quartile of consumption for all three antioxidants. A similar pattern of decreased odds of TLD and LLD with increased antioxidant consumption is seen, for non-isolated, and isolated deficiency categories, although precision was reduced with these smaller sample sizes (Table 4) . Periconceptional folic acid supplementation (FA) did not appear to significantly modify the effect of high antioxidant consumption in these data (Likelihood Ratio Test: P > 0.05). Adjusting for potential confounding by FA did not alter the exposureoutcome relation previously indicated (Table S3) . Neither adjustment for FA as a potential confounder nor treatment of FA as a potential effect modifier changed the observed results for fruit and vegetable consumption or cumulative antioxidant score.
Comment

Principal findings
Higher intake of antioxidants in the maternal dietassessed by two methods -was associated with a reduced odds of congenital limb deficiencies. This association tended to be stronger for transverse than longitudinal limb deficiencies (LLD).
When considering antioxidants, there are a wide variety of nutrients that have antioxidant properties. Some antioxidants have been consistently associated with better health outcomes (i.e. cancer prevention, cardiovascular health), whereas others have not. 19 The largest source of antioxidants in the average American adult diet is coffee and tea. A prior analysis of NBDPS data found no convincing evidence of coffee and tea being related to risk of selected birth defects (not including limb deficiency) when considering their contribution to maternal intake of caffeine. 20 This study did not to concentrate on these forms of antioxidants (i.e. flavonoids and other polyphenols) as they have not been associated with risk of birth defects. 20 Furthermore, mothers tend to decrease their consumption of these beverages, during pregnancy. 21 Instead it focused on food groups that contribute to antioxidant intake (fruits and vegetables) and three specific antioxidants (beta-carotene, lycopene, and lutein). The mechanism by which antioxidants might decrease the risk for limb deficiency and particularly for TLD remains unknown. One pathway by which antioxidants might decrease risk is the reduction in 
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Interpretation of the findings 
25
The relation observed suggests, should a causal relation exist, an increase in approximately 2.5 additional servings per day among low fruit and vegetable consuming moms could have a population-level impact on the prevalence of congenital limb deficiencies. 
Limitations of the data
This study had some limitations. First, the FFQ used to determine antioxidant exposure asked about average food intake during the year before pregnancy, and while most diets remain very similar during pregnancy, 26-28 it is not known if this is the case in this study sample. That said, it is unlikely for usual diet to change substantially in the first few weeks of pregnancy, before pregnancy recognition and before nausea and vomiting which may then lead to some changes in diet. Further the diet prior to pregnancy itself is important to consider as foods eaten in the months prior to conception would impact the nutritional stores used during pregnancy. Second, the selfreported nature of the questionnaire may lead to potential bias of effect estimation by two means (1) non-differential misclassification of diet due to the difficulty in accurately recalling a distant past behaviour (e.g. >1.5 years previously) and (2) differential misclassification of diet by case versus control status. The direction of the latter form of misclassification cannot be determined with the data available and could, in this study, either attenuate (e.g. a mother with an infant born with a limb deficiency might be hesitant to recall a less than health diet) or intensify (e.g. said mother might be more critical of her own diet and thereby recall a poorer diet compared to a control mother) the magnitude of the estimates. Was the differential misclassification to bias estimates away from the null, it is unlikely the misclassification would explain the observed associations and trends in their entirety. Lastly, while a significant association is detected at the level of food groups and cumulative antioxidant score, one cannot separate out the effect of a dietary pattern that is high in antioxidants from the antioxidants themselves. That said, findings remained consistent in several sensitivity analyses in models that included other antioxidants (Vitamin C and Vitamin E), a prooxidant (iron), and allowed for flexibility of exposure modelling, demonstrating stability of the exposureoutcome relation (data not shown). Furthermore, the reduced risk of observed with antioxidants was not diminished when FA supplementation was included in models as a covariate. In post hoc analyses that included FA supplementation as a covariate there was no change in the magnitude of the association, but the precision of the estimates improved suggesting that FA supplementation may only being associated with the outcome not antioxidant intake. 29 Supplemental forms of beta-carotene, lycopene, and lutein were not included in nutrient consumption estimates. While beta-carotene is present in many 
Conclusions
Findings from this study indicate that higher maternal intake of fruits and vegetables and higher intake of antioxidants in the diet in the year before pregnancy are associated with a reduced odds of congenital limb deficiencies, particularly TLD, in offspring. These findings add further evidence to the importance of the quality of a women's periconceptional diet in reducing the occurrence of some birth defects. The literature on maternal nutrition and birth defects would benefit from a detailed examination of the role of antioxidants in relation to other birth defects including rarer forms of limb deficiencies (i.e. intercalary deficiencies) not examined here. Further investigation of causal mechanisms by which antioxidants may act as protective agents in birth defect aetiologies is needed. Replication of this research in other studies to examine consistency of results is recommended.
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S1 . Directed acyclic graph representing the relation between maternal antioxidant consumption and limb deficiencies. The label 'Confounders' represents the variables: maternal age, education, race/ ethnicity, smoking, and alcohol consumption. 
